Introduction
The innate immune system represents the first line of defense of metazoans against an infection by bacterial pathogens. This primary response is mediated via the recognition of invariant pathogen-associated molecular patterns (PAMPs) by a limited set of germline-encoded receptors (Chamaillard et al., 2003a; Pandey and Agrawal, 2006) . These include Toll-like receptors (TLRs), which are transmembrane proteins localized in the plasma membrane or in cytosolic vesicles, and NOD-like receptors (NLRs), which are cytosolic sensors for bacterial components and are capable of recognizing intracellular PAMPs.
NOD2, a prototypical member of the NLR family, comprises two N-terminal caspase recruitment domains (CARDs), a central nucleotide binding and oligomerization domain (NBD) and a Cterminal leucine-rich repeat (LRR) region which mediates the ability to recognize muramyl dipeptide (MurNAc-L-Ala-D-isoGln; MDP), a component of the peptidoglycan layer of bacterial cell walls (Chamaillard et al., 2003a; Morre et al., 2004) . NOD2 is expressed constitutively by monocytes and macrophages, granulocytes and dendritic cells and is induced in intestinal epithelial cells upon pro-inflammatory stimuli (Ogura et al., 2001b; Rosenstiel et al., 2003) . Sensing of MDP elicits a recruitment of the cytosolic adaptor protein RIP2 (also known as RIPK2, RICK and CARDIAK) and leads to activation of the canonical nuclear factor kappa B (NF-B) pathway. By induction of proinflammatory cytokines and chemokines (e.g. IL8 and IL1␤), NOD2-mediated MDP recognition results in systemic inflammatory responses to bacterial pathogens. However, the NOD2-dependent release of ␣-and ␤-defensins points to a pivotal role of NOD2 in the direct antimicrobial defense mechanisms of the intestinal epithelial barrier (Kobayashi et al., 2005; Wehkamp et al., 2004) . Functional studies have shown that NOD2 in humans may be important for the recognition of a diverse range of pathogens including Listeria spp., Pneumococci (Opitz et al., 2004) , Mycobacterium tuberculosis (Ferwerda et al., 2005) and Helicobacter pylori (Rosenstiel et al., 2006a) .
Variants in the NOD2 (CARD15) gene have been described to be genetically associated with a number of inflammatory barrier diseases (Costello et al., 2005) . Missense or nonsense mutations within or close to the LRR region (i.e. SNP8: R702W, SNP12: G908R, SNP13: L1007fs insC ) contribute to the development of Crohn disease (CD), a chronic relapsing-remitting inflammatory disorder of the digestive tract (Hampe et al., 2001; Hugot et al., 2001; Ogura et al., 2001a) . The CD-associated mutations lead to a diminished NF-B activation upon MDP stimulation (Bonen et al., 2003; Ogura et al., 2001b) . This impairment in NOD2 function causes a complex barrier defect including facilitated entry of bacteria into epithelial cells through defective regulation of defensin expression, impaired bactericidal capacity and reduced secretion of cytokines ('loss of function'). Subsequently, these variants have been associated with other diseases, such as allergy, atopic eczema (Kabesch et al., 2003) , colonic cancer (Kurzawski et al., 2004) and MALT-lymphoma associated with chronic H. pylori infection (Rosenstiel et al., NOD2 is an intracellular receptor for the bacterial cell wall component muramyl dipeptide. Mutations in the leucine-rich repeat region of NOD2, which lead to an impaired recognition of muramyl dipeptide, have been associated with chronic inflammatory diseases of barrier organs such as Crohn disease, asthma and atopic eczema. In this study we identify CD147 (also known as BSG and EMMPRIN), a membrane-bound regulator of cellular migration, differentiation and inflammatory processes, as a protein interaction partner of NOD2. We demonstrate a complex influence of the CD147-NOD2 interaction on NOD2-dependent signaling responses. We show that CD147 itself acts as an enhancer of the invasion of Listeria monocytogenes, an intracellular bacterial pathogen. We propose that the CD147-NOD2 interaction serves as a molecular guide to regulate NOD2 function at sites of pathogen invasion.
2006a). The data substantiate the hypothesis that NOD2 may play a crucial role as a guarding molecule for interactions between host cells and bacteria on body surfaces, which may include outer and inner barrier organs.
Similar to other NLRs, upon activation, NOD2 constitutes a macromolecular effector platform: the 'nodosome'. It is tempting to speculate that the function of NOD2 is modulated by various interacting proteins resulting in different cellular outcomes, which depend on the composition of this effector complex. Recent reports point to a dynamic recruitment of the NOD2 complex to membrane compartments (Barnich et al., 2005a; Kufer et al., 2006) .
In this study, a bacterial two-hybrid screen using a colonic cDNA library identified the transmembrane receptor CD147 (EMMPRIN) as a novel NOD2-interacting protein. We describe the regulation and functional contribution of CD147 in NOD2-mediated innate immune responses to MDP and assess its role for bacterial invasion into epithelial cells.
Results

CD147/EMMPRIN interacts with NOD2
To identify novel NOD2-interacting proteins, we performed a bacterial two-hybrid screening with NOD2 and NOD2 domains (CARDs, NBD, LRR) as bait proteins and a human colonic cDNA library cloned into the target vector (supplementary material Fig.  S1 ). The screening identified CD147 as an interaction partner of NOD2 (eight independent positive clones for CD147: five identified by using full-length NOD2 as bait and three by a bait construct containing both CARDs). The interaction could be confirmed for full-length NOD2 and for constructs only expressing the two N-terminal CARD domains, but for neither the NBD nor the C-terminal LRR domain alone.
To verify our results in a eukaryotic cell system, we performed co-immunoprecipitation experiments in HEK293 cells using stable as well as transient overexpression with different constructs (for illustration see supplementary material Fig. S2A,B) . In all experimental approaches we could confirm the interaction of CD147 with the N-terminal region of NOD2 as shown in Fig. 1 . Using stably transfected HEK NOD2 cells and HEK mock cells as control we found a specific band representing NOD2 in anti-CD147 immunocomplexes (Fig. 1A) . No such band was detected using either control antibody or HEK mock cells. Subsequent mapping of the interaction confirmed that neither the central NBD nor the C-terminal LRR domain alone or a combination of NBD and LRR could be precipitated with CD147. Both CARD domains seemed to be required for the interaction as a construct containing both CARDs, but not the individual CARDs alone, was able to interact with CD147 (Fig. 1B) . In a reciprocal setup, only the intracellular domain (IC) of CD147 (CD147-IC), fused to enhanced green fluorescent protein (EGFP), was capable of precipitating with full-length NOD2 or both CARD domains (Fig.  1C) , whereas no interaction was observed between CD147-IC and any other NOD2 domain. As expected, CD147 expression constructs lacking the intracellular part showed no interaction (data not shown). To provide evidence for an interaction of endogenous NOD2 and CD147, immunoprecipitation experiments using a myelomonocytic cell line THP1 were performed. In anti-CD147 precipitates we could identify a protein band of the predicted size of full-length NOD2 (Fig. 1D) . A second band of slightly smaller molecular size was also detectable that may correspond to smaller NOD2 isoforms (King et al., 2007; Leung et al., 2006; Ogura et al., 2001b) .
Journal of Cell Science 121 (4) were used for co-immunoprecipitation of CD147 and NOD2. CD147 immunocomplexes and whole cell lysates were assayed for endogenous and precipitated NOD2 and CD147. Precipitates from irrelevant antibody were used as specificity control (ctrl). (B) HEK293 cells were transfected with constructs containing Xpress-tagged NOD2 or NOD2 domains. After precipitation of endogenous CD147, co-precipitated NOD2 or NOD2 domains were visualized using anti-Xpress antibody. Only full-length NOD2 and a fusion protein containing both CARD domains were found in CD147 immmunocomplexes (black arrowheads). (C) HEK293 cells were transfected with constructs containing Xpress-tagged NOD2 or NOD2 domains in combination with a construct containing the intracellular domain of CD147 (IC) fused to EGFP. After precipitation of Xpress-tagged NOD2 domains, EGFP-CD147-IC was identified in the immunocomplexes using anti-GFP antibody. Only full-length NOD2 and both CARD domains were able to precipitate with GFP-CD147-IC (indicated by black arrowheads). Antibody alone (Ab) was used as control. (D) CD147 immunocomplexes derived from THP1 monocytes were used to verify the interaction of CD147 with endogenous NOD2. Detection of two specific bands by use of NOD2 antibody points to the presence of more than one NOD2 isoform. CD147 interacts with NOD2 and contributes to bacterial cytoinvasion Taken together, we could identify the glycoprotein CD147 as a novel NOD2 interaction partner and could map the interaction site to the CARD-CARD domain of NOD2 and the IC of CD147.
Regulation of CD147 expression by proinflammatory stimuli
Analysis of tissue distribution of CD147 and NOD2 expression using human cDNA tissue panels revealed overlapping expression in colon and thymus, pointing to a putative physiological role of the interaction in these organs (supplementary material Fig. S3 ). For analysis of CD147 regulation under proinflammatory conditions, we performed stimulation experiments on THP1 cells with a variety of proinflammatory stimuli. As shown in the examples in Fig. 2A ,B, the stimulation of THP1 cells with proinflammatory stimuli leads to an increased expression of CD147 mRNA and protein. TNF-␣ and IFN-␥ (also known as TNFA, INFG, respectively; data not shown), and LPS alone showed only a minor effect, whereas MDP and the combination of TNF-␣ and IFN-␥ produced a strong induction of CD147. Infection of THP1 cells with cytoinvasive L. monocytogenes (MOI=100) also results in a significant upregulation of CD147 mRNA levels. In addition, proinflammatory stimuli resulted in an accumulation of CD147 protein at the cell surface, as shown by FACS analysis (Fig. 2B) . These results are consistent with a recent report describing an induction of CD147 by NF-B and AP1 activating pathways in tumor-associated macrophages (Hagemann et al., 2005) .
CD147 and NOD2 co-localize at the membrane of epithelial and myelomonocytic cells
To determine the site of complex formation between NOD2 and CD147, the subcellular localization of the two proteins in human cells was analyzed. HeLaS3 cells were transiently transfected with GFP-tagged human NOD2. CD147 was detected using a specific antibody. The CD147 signal was mainly confined to the cell membrane. GFP-NOD2 was partially localized in the cytoplasm, but also at the cell membrane ( Fig. 3A) with a prominent signal in membrane ruffles and cellular spiculae as described previously (Barnich et al., 2005a; Kufer et al., 2006; Legrand-Poels et al., 2007; McDonald et al., 2005) . The NOD2 signal clearly colocalizes with CD147 in the absence of bacterial infection. No membrane association was detectable for GFP protein itself (data not shown). To address the spatial distribution of the CD147-NOD2 interaction in the natural course of bacterial cytoinvasion we investigated GFP-NOD2-transfected HeLaS3 cells that were infected with the invasive L. monocytogenes strain EGD. Again, the CD147 staining exhibited a strong colocalization with NOD2, especially in fibrolamellar structures at the sites of bacterial entry (Fig. 3B , open arrowheads, insert).
Fluorescence microscopy was used to analyze the subcellular localization of NOD2 and CD147 in PMA-differentiated THP1 monocytes. As shown in Fig. 3C , staining of CD147 and NOD2 using specific antibodies showed a clear membrane association and a partial overlapping localization (arrowheads in Fig. 3C ).
CD147 negatively regulates NOD2-dependent NF-B activation and cytokine release
To analyze the role of CD147-NOD2 interaction in NOD2-induced signaling pathways, we performed reporter gene assays with an NF-B-dependent luciferase system and enzyme-linked immunosorbent assays for detection of IL8 release upon stimulation with MDP. As expected, we found no MDP-induced activation of NF-B or IL8 release in HEK293 cells in the absence of NOD2 protein. As shown in Fig. 4A , the overexpression of either full-length CD147 or its IC lead to a two-to threefold reduction of basal and MDP-induced NF-B activity in HEK NOD2 cells. However, the expression of the extracellular domain of CD147 showed nearly no effect. These data correlate with our results from co-immunoprecipitation studies and favor the concept of direct interaction of both CARDs with the intracellular part of CD147. In addition, the release of IL8 by MDP (10 g/ml) was markedly reduced by ectopic expression of CD147 in a dosedependent manner (Fig. 4B ). However, no significant effect on the basal level of IL8 secretion was observed. It is important to note that the expression of NOD2 was not influenced by overexpression of CD147 fusion proteins or gene silencing, as confirmed by RT-PCR and immunoblotting (data not shown).
To further confirm the regulatory role of this interaction, we used gene silencing by introducing small hairpin RNAs directed against CD147. As shown in Fig. 5A , the transfection with expression constructs containing CD147 specific target sequences (CD147-si 1-3) resulted in a significant downregulation of CD147 protein whereas the unspecific control target sequence (ctrl-si) had no effect. NF-B activation after stimulation of HEK293 cells stably overexpressing NOD2 with MDP (10 g/ml) was strongly enhanced in cells transfected with shRNA targeting CD147 (Fig.  5B) . Moreover, MDP-induced release of IL8 was significantly augmented by gene silencing of CD147 in the colonic epithelial cell line SW480 constitutively expressing endogenous NOD2 (Fig.  5C ). Taken together, our results point to a role of CD147 as a negative regulator of NOD2 signaling after stimulation with MDP. Pushkarsky et al., 2001) . By direct interaction of CD147 with viral nucleocapsid proteins, it facilitates the entrance of virus particles into mammalian cells. To evaluate the role of the CD147-NOD2 interaction in bacterial infection, we studied the invasion by L. monocytogenes into HEK293 cells using gentamicin protection assays. As shown in Fig. 6 , NOD2 overexpression resulted in a reduced infection of HEK293 cells. This points to the role of NOD2 as a cytosolic surveillance protein and mediator of anti-microbial defense mechanisms. However, overexpression of CD147 resulted in an increased invasion into HEK293 cells, which could only partly be prevented by NOD2 overexpression (Fig. 6A) . By contrast, when using HEK293 cells stably expressing hairpin RNAs targeting CD147, relative invasion of Listeria was significantly decreased (Fig. 6B) . The same effect was achieved by preincubation of the cells with a specific antibody directed against the extracellular domain of CD147. Thus, CD147 expression appears to favor the invasion of Listeria into epithelial cells, which is counteracting the anti-bacterial defense mechanism of NOD2. Importantly, neither cell proliferation (as assessed by MTT test) nor apoptosis (determined by propidium iodide/annexinV FACS) were influenced by overexpression of NOD2 or CD147 under the described conditions (data not shown). Since the influence of CD147 on bacterial entry might be explainable by differential regulation of host cell factors involved in cytoinvasion, we asked if modification of CD147 expression had any influence on known entry factors. Cytoinvasion of L. monocytogenes into nonprofessional phagocytic cells such as epithelial cells is induced by binding of bacterial cell surface proteins (internalins) to receptors on the host cell (Hamon et al., 2006) . Internalin A (InlA) specifically binds to adherens junction protein E-cadherin (Mengaud et al., 1996) , whereas InlB physically interacts with Met, the cognate receptor for hepatocyte growth factor, to induce phagocytosis (Shen et al., 2000) . In order to dissect the entry mechanism relevant for our experimental system, we used Listeria monocytogenes wild-type and mutant strains genetically deficient in either InlA or InlB (⌬InlA, ⌬InlB). Gentamicin-protection assays identified a major relevance of InlB for Listeria invasion of HEK293 cells since ⌬InlB mutants showed an almost complete loss of invasion capacity whereas invasion by ⌬InlA mutant strain was only marginally reduced (Fig. 7A) . Interestingly, we found that neither overexpression nor RNAi-mediated knockdown of CD147 resulted in an altered cell surface expression of Met and E-cadherin (Fig. 7B ). An indirect effect of CD147 by influencing entry factor expression may thus be excluded.
CD147 expression enhances invasion of Listeria into epithelial cells
CD147 has been described as a key molecule involved in infection of human cells by HIV-II and SARS-CoV
Our data point to a novel role of CD147 in cell invasion of Listeria monocytogenes into epithelial cells and emphasize the importance of further elucidating the mechanisms underlying CD147-NOD2 interactions.
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Discussion
The family of NOD-like receptors (NLRs, CATERPILLER) represents a major surveillance mechanism of the vertebrate innate immune system and has functional homologues in the invertebrate and plant kingdom (Chisholm et al., 2006; Nurnberger et al., 2004) . Strikingly, recent advantages in finding genetic risk factors for inflammatory disorders have pointed to a pivotal role of these proteins in the etiopathogenesis of several autoimmune and inflammatory diseases (Chamaillard et al., 2003b; Tschopp et al., 2003) . Evidence is emerging that NLR proteins build macromolecular complexes upon activation and that the composition of these complexes crucially modulates the net outcome of the ligand-induced signal. The NOD2 gene represents a major genetic risk factor for several chronic inflammatory disorders of barrier organs. Dissecting the molecular framework of proteins, which is necessary to modulate MDP detection and activation of signaling processes by NOD2, will contribute to the understanding of how NOD2 senses invasive and non-invasive bacteria at the forefront of epithelial barrier organs.
To date there are several proteins identified that directly interact with NOD2. Recruitment of RIP2 (also designated RICK, CARDIAK and RIPK2) to the CARD domains of NOD2 has been shown to be the critical effector mechanism for the activation of NF-B downstream of MDP sensing. Other proteins described as NOD2 interaction partners are transforming-growth factor ␤ (TGF␤)-activating kinase 1 (TAK1; also known as MAPK3K7) and GRIM-19 (also known as NDUFA13) (Barnich et al., 2005b) .
Recently, ERBIN (also known as ERBB2IP) has been identified by two independent groups as another NOD2-interacting protein by using biochemical screening methods and a yeast two-hybrid approach, respectively (Kufer et al., 2006; McDonald et al., 2005) . ERBIN is a transmembrane protein involved in cellular polarity and receptor trafficking; the interaction is dependent on the CARD domain structure of NOD2, which negatively influences NOD2 signaling.
In this report, we identified CD147 as a novel interaction partner of NOD2, using bacterial two-hybrid screening. The interaction could be confirmed by co-immunoprecipitation assays and was mapped to both CARD domains of NOD2 and to the cytosolic part of CD147 as minimal necessary interaction structures. In this context, CD147 is similar to RIP2 and ERBIN using the CARD-CARD structure as protein interaction site, whereas TAK1 and GRIM-19 have been shown to interact with the C-terminal part of NOD2. Interestingly, no homology of the IC of CD147 to known protein-protein interaction modules could be found. Complete deletion of the 40 amino acid IC abolished the interaction with NOD2. Which minimal structure of CD147-IC is responsible for the physical contact to the CARD-CARD structure, and if additional factors contribute to this interaction, remains to be analyzed.
CD147 is a transmembrane glycoprotein implicated in neuronal development, tumor progression and inflammation. CD147 is thought to exert its main physiological functions by homotypic or heterotypic protein-protein interactions [e.g. binding to extracellular cyclophilins (Renno et al., 2002; Yurchenko et al., 2006) ]. The best characterized function of CD147 is production and activation of matrix-metalloproteases (MMPs) and involvement in cell adhesion (Choi et al., 2002; Lim et al., 1998; Schmidt et al., 2006) . Remarkably, patients suffering from Crohn disease show enhanced expression levels of MMP1 and MMP9 in colonic tissue, especially in fistulae (Kirkegaard et al., 2004; Stumpf et al., 2005) . Further studies will have to clarify if CD147 directly contributes to MMP dysregulation in chronic intestinal inflammation.
Regarding the subcellular localization of the interaction we demonstrate that a reasonable fraction of NOD2 protein is located close to the cell membrane and shows a merging distribution with CD147. In contrast to early reports claiming an exclusively cytosolic expression of NOD2, recent studies have presented evidence that membrane recruitment of NOD2 is not only a common event but is indispensable for proper sensing of MDP (Barnich et al., 2005a; Kufer et al., 2006; McDonald et al., 2005) . We propose that proteins that relocalize NOD2 to the cell membrane might serve as molecular guides to allow a fast cellular response to bacterial invasion by procuring close proximity of NOD2 monomers and bacterial-derived MDP. We demonstrate a direct influence of cellular CD147 levels on the cytoinvasive properties of Listeria monocytogenes infection in HEK293 cells. A pivotal event in the invasion of mammalian cells by Listeria is the interaction of bacterial internalin B with Met on the host cell surface (Shen et al., 2000) resulting in reorganization of the local actincytoskeleton and clathrin-dependent endocytosis (Veiga and Cossart, 2005) . Together with the recent report suggesting a functional association between NOD2 and components of the actin cytoskeleton (Legrand-Poels et al., 2007) , our data point to a role of the CD147-NOD2 complex in the early phases of host-pathogen interaction. It was shown recently, that secretion of bacterial factors by Helicobacter pylori into the cytosol of gastric epithelial cells leads to activation of Met signaling and subsequent upregulation of matrix metalloproteases MMP2 and MMP9 (Oliveira et al., 2006) . MMP-mediated degradation of components of the Journal of Cell Science 121 (4) extracellular matrix is assumed to favor bacterial cytoinvasion by allowing the pathogens to come in contact with and interact with host cells (Yanagisawa et al., 2005) . Since CD147 has likewise been described to regulate expression and activity of MMPs, it is tempting to speculate that Met signaling and CD147-mediated MMP induction represent distinct cellular mechanisms abused by bacterial pathogens to facilitate cytoinvasion.
Interestingly, our results point to a role of CD147 as a negative regulator of NOD2 signaling after stimulation with MDP. Overexpression of full-length CD147 and of the intracellular domain (IC) lead to an impaired NF-B response upon MDP stimulation, whereas a construct lacking the intracellular domain showed no effect. By contrast, RNAi-mediated knockdown of endogenous CD147 lead to a strong enhancement of MDPdriven NF-B activity. The diminished release of IL8 after transient overexpression of CD147 in MDP-treated NOD2-expressing HEK293 showed that the effect is also detectable on the level of target gene expression. The finding that CD147 overexpression affects basal NF-B activation, but obviously does not influence basal IL8 release might reflect the complex nature of chemokine regulation, since secretion of IL8 is not solely dependent on NF-B but is affected by other signaling pathways, including MAPK, and epigenetic mechanisms (Kim et al., 2005; Schmeck et al., 2005) . We would propose that the observed effects are due to a direct competition between CD147 and the essential signal adaptor RIP2 for binding to NOD2. Since both RIP2 and CD147 appear to interact via the CARD domain structure and RIP2-NOD2 interaction is required for activation of NF-B, a stoichiometric competition of RIP2 and CD147 for the NOD2-interaction site would result in impaired NF-B activation.
Evidence is emerging that NOD2 activation is tightly controlled using several cellular mechanisms in parallel. (i) Peroxiredoxin 4 (PRDX4) is an antioxidant enzyme located in the cytoplasm, which is upregulated by MDP in NOD2-overexpressing HEK293 cells and contributes to negative regulation of NOD2-dependent NF-B activation (Weichart et al., 2006) . (ii) The interaction of NOD2 with ERBIN has been demonstrated to block the transmission of the MDP-induced signal to the downstream effectors of NOD2. (iii) We have shown recently that an alternatively spliced form of NOD2 (designated NOD2-S) is induced by anti-inflammatory stimuli and acts as an endogenous inhibitor of NOD2 signaling by interfering with MDP-induced nodosome formation (Rosenstiel et al., 2006b) . It is thus tempting to speculate that regulatory processes limiting the outcome of NOD2 dependent signaling -such as the newly identified interaction of NOD2 and CD147 -play a fundamental role in maintaining the cellular homeostasis.
This report, to our knowledge, is the first to show a functional connection between CD147 and innate immune receptors. Obtaining details about the molecular mechanism of the CD147-NOD2 interaction through atomic structure determination of the complex and subsequent functional studies of selected structuredirected mutants will be a crucial step in understanding the molecular processes involved in the recognition of cytoinvasive bacteria by NLRs. The dichotomy of the cellular regulatory network may help to facilitate the immunological balance after encounter of bacterial pathogens by the host's innate immune system. Detailed analyses of CD147 functions in the gastrointestinal tract might lead to new avenues for the treatment of inflammatory bowel diseases.
Materials and Methods
Bacterial two-hybrid screening NOD2 full-length cDNA and single domains of NOD2 (CARDs, NBD, LRR) were amplified from leukocyte cDNA and ligated into the bait vector pBT (Stratagene, La Jolla, CA, USA) using standard cloning procedures (see supplementary material Fig.  S1 for details). The construct pBT-NOD2-wt was used for generation of a bait-fusion plasmid containing the Crohn disease-associated variant NOD2-SNP13 (1007fs insC ) by site-directed mutagenesis as described elsewhere (Weichart et al., 2006) . A human colonic cDNA library (Stratagene, La Jolla, CA) was inserted into target vector pTRG. The bacterial two-hybrid screening was performed using the BacterioMatch TM Two-Hybrid System (Stratagene) according to the manufacturer's instructions. After cotransformation of pBT and pTRG plasmids and isolation of clones grown in the presence of the appropriate combination of antibiotics, plasmids were isolated using the MiniPrep kit from Qiagen (Hilden, Germany). The insert of the pTRG vector was identified by sequencing using an ABI3730 capillary sequencer (ABI, Foster City, CA, USA).
Cell lines and transfection
Human epithelial HEK293 cells (ACC305), cervical carcinoma HeLaS3 cells (ACC161), colonic carcinoma SW480 (ACC313) and human acute monocytic cell line THP1 (ACC16) were purchased from the German Collection of Microorganisms and Cell Cultures (DSMZ, Braunschweig, Germany). Isogenic HEK293 cell lines stably transfected with a human NOD2 expression construct (HEK NOD2 ) or empty vector (HEK mock ) were previously described (Weichart et al., 2006) . All cells were cultivated under standard conditions of 5% CO 2 and 37°C. Transfections were performed using Fugene 6 TM (Roche, Basel, Switzerland) according to the manufacturer's manual. For generation of transfectants with stable RNA silencing of CD147, HEK
NOD2
and HEK mock cells were transfected with pSUPER constructs (described below), treated with 300 g/ml G418/Geneticin (PAA Laboratories) for 4 weeks and separated by flow cytometry as described (see below).
Bacterial strains
The Listeria monocytogenes serotype 1/2a strain EGD was used as a model organism for cytoinvasion, EGD mutant strains deficient in either internalin A or internalin B (⌬InlA, ⌬InlB) were used to further analyze the bacterial entry mechanism. Single colonies of bacteria were used for inoculation of LB medium and expanded by incubation at 37°C for 18 hours. Overnight cultures of Listeria were diluted 1:10 and grown for 3-4 hours to mid logarithmic phase. Bacteria were harvested by centrifugation, washed and resuspended in cell culture medium without antibiotics. For gentamicin protection assays, a multiplicity of infection (MOI) of 100 bacteria per cell was used as determined by plating serial tenfold dilutions onto LB agar plates.
Antibodies and reagents
Rabbit anti-NOD2 antibodies were purchased from Cayman (Cayman Chemical Company, Ann Arbor, MI) and Novus Biologicals (Littleton, CO). Goat anti-CD147 (EMMPRIN) antibody (K20) was from Santa Cruz (Santa Cruz, CA), monoclonal rabbit anti-CD147 antibody (ab666) 
Expression plasmids
Mammalian expression constructs for the different domains of NOD2 were constructed by insertion of the coding sequence of the appropriate domain into expression plasmid pcDNA4-Xpress (Invitrogen, Carlsbad, CA). Fusion constructs for CD147 and EGFP were generated by cloning of full-length CD147, the extracellular domain (EC; corresponding to amino acids 22-204) or the intracellular domain (IC; corresponding to amino acids 229-269) into the pEGFP-N1 vector (Clontech, Palo Alto, CA). For generation of EGFP-NOD2 fusion protein, the coding sequence for NOD2 was inserted into pEGFP-C3 using the HindIII and BamHI restriction sites.
All constructs were sequence-verified, and expression constructs were tested in HEK293 and HeLaS3 cells by transient overexpression (supplementary material Fig.  S2A,B) .
Co-immunoprecipitation and western blots
HEK293 cells were transfected with expression constructs for NOD2 or NOD2 domains and CD147 or CD147 domains as indicated in supplementary material Fig. S2A ,B. THP1 cells and isogenic stable HEK NOD2 as well as HEK mock cells were used as control cells for interaction of endogenous NOD2 and CD147. Coimmunoprecipitation experiments and western blots were performed as previously described (Till et al., 2005) .
Gene silencing of CD147 by RNA interference
The mammalian RNAi vector system pSUPER (OligoEngine, Seattle, WA) was used for silencing of CD147 gene expression. Three different siRNA target sequences for CD147 were inserted into pSUPER.neo+GFP using BglII and HindIII restriction sites according to the manufacturer's manual. Target sequences were as follows: CD147_si1 5Ј-AAGACCTTGGCTCCAAGATAC-3Ј, CD147_si2 5Ј-AAGTCGT -CAG AACACATCAAC-3Ј, CD147_si3 5Ј-AAGATCACTGACTCTGAGGAC-3Ј. An unspecific target sequence was used as specificity control. For stable transfection, HEK NOD2 and HEK mock were treated with G418 (300 g/ml) for 4 weeks after transfection and selected for GFP expression using a FACSAria Cell-Sorting System (Beckton-Dickinson, San Jose, CA). Expression levels of CD147 were assayed by immunoblotting and flow cytometry as described (below) . To analyze the effect of CD147 silencing on IL8 release downstream of endogenous NOD2, intestinal epithelial SW480 cells were used for transient transfection with the same constructs.
Immunofluorescence
HeLaS3 cells were seeded on sterile cover slides at 4ϫ10 5 cells/ml in 6-well plates. The next day, cells were transfected with 1 g/well pEGFP-C3-NOD2 or pEGFP-C3 mock vector and cultured for 24 hours. After replacement of cell culture medium by medium without antibiotics, cells were infected with L. monocytogenes at a MOI of 100 for 1 hour at 37°C, followed by fixation in 4% paraformaldehyde-PBS. After blocking, cells were stained for endogenous CD147 using a goat polyclonal antibody against CD147 at 1:200 and Cy3-conjugated anti-goat secondary antibody (Jackson Immuno Research; 1:200). Visualization of eukaryotic and bacterial DNA was performed by DAPI staining (Sigma-Aldrich GmbH, Munich, Germany).
For localization studies of endogenous NOD2, THP1 myelomonocytic cells were differentiated using PMA at 10 ng/ml for 24 hours. Cells were fixed using 4% paraformaldehyde-PBS and adherent cells were stained with a polyclonal rabbit NOD2 antibody (Novus Biologicals, Littleton, CO; 1:200) and a Cy3-coupled secondary antibody (Jackson Immuno Research; 1:350). Specificity of the NOD2 antibody was determined using western blot analysis (data not shown). Endogenous CD147 was stained using monoclonal antibody ab666 (1:200) and FITC-conjugated secondary antibody (Jackson Immuno Research; 1:200).
After washing, cover slides were mounted onto glass slides and examined using a Zeiss AxioImager.Z1 apotome fluorescence microscope and the AxioVision Imaging software (Carl Zeiss MicroImaging, Inc., Thornwood, NY).
FACS analysis
HEK293 and THP1 were grown at 5ϫ10 5 cells/2 ml in a 6-well plate overnight, stimulated with 10 g/ml MDP, 100 ng/ml purified LPS, 10 ng/ml TNF-␣, IFN-␥ (10,000 IU/ml) or a combination thereof (TNF-␣/IFN-␥) and assayed for CD147. FACS analysis was performed using a FACScalibur (Becton-Dickinson, San Jose, CA). For analysis of cell surface expression of Met and E-cadherin on HEK293 cells transiently transfected with CD147-EGFP or stably transfected with pSUPER constructs, cells were stained using anti-Met or anti-E-cadherin antibodies and the appropriate secondary antibodies labelled with Cy3. For cytometric measurement, cells were gated for positive EGFP fluorescence and analyzed for Cy3 staining.
Isolation of mRNA and RT-PCR
Cells were seeded on 6-well plates at 4ϫ10 5 cells/well and stimulated for the times indicated with MDP (10 g/ml), purified LPS (100 ng/ml), TNF-␣ (10 ng/ml), IFN-␥ (10,000 IU/ml) or a combination thereof. For infection with Listeria, cell medium was replaced by medium without antibiotics and cells were cultured in the presence of bacteria for 1 hour at 37°C. Medium was replaced by medium containing antibiotics and cells were cultured for the times indicated. Total RNA was isolated and reverse transcribed as described elsewhere (Waetzig et al., 2002) . For analysis of tissue distribution pattern of CD147 and NOD2, commercially available human cDNA tissue panels (Clontech) were used (see supplementary material Fig. S3 ). Expression of CD147 and NOD2 was analyzed by RT-PCR using standard protocols. All samples were checked in parallel for ␤-actin mRNA expression. Amplified DNA fragments were analyzed on 1% agarose gels and documented using a BioDoc Analyzer (Biometra, Göttingen, Germany).
Dual luciferase reporter gene assay
Activation of the transcription factor NF-B was determined using a dual-luciferase reporter gene kit (Promega, Madison, WI) were used for transient transfection of reporter vectors. Cells were stimulated with 10 g/ml MDP for 6 hours or left untreated. Cell lysates were analyzed on a Tecan Genios Pro microplate luminometer (Tecan Trading AG, Switzerland). All samples were measured in duplicates and all experiments were repeated independently at least three times. The results for NF-B-driven firefly luciferase activity were normalized using the reference plasmid and expressed as relative light units (RLU).
ELISA
HEK293 cells (10 4 /100 l) were transfected with or without 3 ng pcDNA4-Xpress-NOD2 and increasing amounts of pEGFP-N1-CD147 ranging from 0 to 25 ng/well. The total amount of DNA used per well was equilibrated using pEGFP-N1. The next day, HEK293 cells were stimulated with MDP (10 g/ml) or left untreated. Alternatively, SW480 cells (10 4 /100 l) transiently transfected with shRNA constructs targeting CD147 (50 ng/well) were stimulated overnight with MDP (50 g/ml). Supernatants were collected after 24 hours, and release of human IL8 was measured by enzyme-linked immunosorbent assay (ELISA; R&D Systems, Rochester, MN, USA). The results were expressed as pg cytokine/ml. To assure equal cell numbers, cell viability was checked using a colorimetric MTT test (Promega, Madison, WI).
Gentamicin protection assay
HEK293 cells were seeded on 12-well plates, incubated overnight and transiently transfected with pcDNA4-Xpress-NOD2, pEGFP-N1-CD147, a combination of both plasmids or empty vector (mock transfection). In an additional experimental setup, HEK mock and HEK NOD2 cell populations stably transfected with pSUPER constructs were used. Where indicated, cells were pretreated with anti-CD147 mouse monoclonal antibody to selectively block CD147 activity. The cells were infected with Listeria using a MOI of 100 bacteria/cell. After 1 hour infection, extracellular bacteria were killed by replacing the medium with DMEM containing gentamicin (50 g/ml) for 1 hour. Cells were then washed, lysed in 1% Triton X-100-PBS and plated on solid medium for counting of colony forming units (CFU). All experiments were performed in triplicate. Relative infection was calculated as a percentage of CFU from transfected to mock-transfected cells. To analyze the tissue specific expression profile of CD147, we performed RT-PCR specific for CD147 with multiple human tissues as template ( Fig.2A) . We found a strong expression of CD147 in heart, kidney and thymus and a moderate expression in the small intestine and colon. No expression was observed in brain, lung and spleen. For NOD2, we found high mRNA levels in the small intestine, thymus and spleen, and a weaker expression in colon and other tissues except brain. Overlapping expression for CD147 and NOD2 was found for colon and thymus, pointing to a putative physiological role of the interaction in these organs.
